A Niobium disilicide (NbSi 2 ) layer was formed at the surface of Nb plates by heating those plates with Si powder and a piece of Na at 10001200 K for 148 h. The thickness of the NbSi 2 layer increased to 129 µm with increasing temperature and in proportion to the square root of the heating time. The activation energy of the NbSi 2 layer formation evaluated from the Arrhenius plot of parabolic growth constants was 160 kJ mol ¹1
Introduction
Nb and its alloys show promise as high-temperature structural materials because of their high melting points, relatively low densities among metals with high melting points, and high-hardness at high temperature. 14) Oxidation resistant coatings of metal silicides (e.g., NbSi 2 , MoSi 2 ) and their complexes have been investigated to prevent the oxidation of Nb and its alloys from oxidation. 515) Pack cementation 711) is a conventional chemical vapor deposition method for the fabrication of NbSi 2 coating on Nb substrates. Li et al. 8) and Yoon et al. 9) prepared NbSi 2 layers with a thickness of around 2566 µm on Nb substrates by pack cementation where Nb substrates were embedded in a pack mixture of fine Si powder, halide activators (NaF, MgF 2 ), and inert fillers (SiC, Al 2 O 3 ), this mixture being heated at 1323 1373 K for 23 h in a vacuum or an Ar atmosphere. NbSi 2 has also been coated on Nb plates and bulks by electroless plating using molten salt 12) and by spark plasma sintering (SPS). 1620) The preparation temperature of the metal silicides with Na was over 300 K lower than that without Na. According to the phase diagram of the NaSi system, 21) a NaSi melt containing Si up to about 50 mol% exists at 700 1100 K. It was considered that the formation of the metal silicides at relatively low temperature was enabled by the reaction of source metals with Si dissolved in the NaSi melt.
In the present study, a novel method was employed for the preparation of NbSi 2 coating at the surface of Nb plates by heating Nb plates in a NaSi melt. The effects of heating temperature and time on the formation of NbSi 2 layers and the oxidation resistance of NbSi 2 -coated Nb plates were investigated.
Experimental Procedure
A Nb plate (Nilaco, 99.8%, 250 µm thickness, 4 © 4 mm 2 ), Si powder (Koujundo Kagaku, 99.999%, <75 µm) and a Na block (Nippon Souda, 99.95%) were used as starting materials. The Nb plates and Si powder were weighed in a molar ratio of Nb : Si = 1 : 2 in an Ar gas-filled glove box (MBraun, O 2 , H 2 O < 1 ppm). They were put into a sintered BN crucible (¤6 © 18 mm 3 in inner volume, Showa Denko, 99.5%) with a piece of Na. The molar amount of Na was equal to that of Si. The crucible was sealed in a stainless steel container (SUS316, inner diameter of 11 mm, inner length of 80 mm) with a stainless steel cap. The container was heated up to prescribed temperatures (10001200 K) in 2 h, and then maintained at that temperature for 148 h in an electric furnace. After heating, the sample was cooled in the furnace by shutting off the electric power to the furnace. The container was cut and the crucible was taken out of the container in air. The Na and NaSi in the crucible were removed by reaction with 2-propanol and ethanol. After several washings with distilled water, the sample was dried at 353 K in air. An oxidation test for the samples prepared at 1200 K for 12 h was carried out at 9001700 K for 10 h in air.
The X-ray diffraction (XRD) patterns of the surface of the samples were measured using Cu K¡ radiation ( = 0.15418 nm) with a pyrolitic graphite monochromator, a scintillation counter and a diffractometer (RIGAKU, RINT2200). Scanning electron micrographs (SEM) of sample cross sections were taken with an electron probe microanalyzer (EPMA, JEOL, JXA-8200 system). Qualitative line analysis and quantitative elemental analysis were carried out with an energy dispersive X-ray (EDX) spectrometer and a wavelength-dispersive X-ray (WDX) spectrometer of the EPMA, respectively. 
Results and Discussions

Formation of a NbSi 2 layer using a NaSi melt
No reaction was observed by heating a Nb plate and Si powder without Na at 1200 K in an Ar atmosphere. The samples prepared by heating Nb plates and Si powder with Na at 1200 K for 12 h, followed by removal of Na and NaSi by reactions with alcohol and water, retained the shape of the original Nb plates. The surface of the obtained plates was non-metallic luster. The XRD pattern from the surface of the plates is shown in Fig. 1(a) . All diffraction peaks were indexed with the hexagonal cell parameters of NbSi 2 with the C40-type structure. The relative intensities of 100, 110, 200 and 220 reflections were higher than those calculated for randomly orientated NbSi 2 powder ( Fig. 1(b) ). This indicates that the c axis of NbSi 2 was preferentially oriented parallel to the surface of the layer. (100) orientation due to the rolling process in the production was observed for the Nb plate. Thus, there may be a crystallographic relation between NbSi 2 in the layer and Nb plate. A similar orientation relation has been reported in a NbSi 2 -coated Nb substrate prepared by pack cementation. 10) A SEM image and EDX line profiles of a sample cross section are shown in Fig. 2 . The formation of a dense layer with a thickness of ca. 80 µm was observed at the surface. The characteristic X-rays of Si and Nb were measured from the surface layer. Nb was only detected at the inner side. The WDX analysis of the surface layer showed in a Nb : Si molar ratio of 66.9 : 32.1, which is close to the ideal ratio of NbSi 2 . Si K¡ X-ray intensity sharply dropped at the boundary between the NbSi 2 layer and inner Nb. The existence of a Nbrich intermetallic phase Nb 5 Si 3 layer could not be confirmed between NbSi 2 and Nb layers within the resolution limit of the EDX analysis (ca. 2 µm) in the present study. No Na was detected from either the NbSi 2 layer or the inner Nb in the sample. The Na detection limit of the EDX analysis was approximately below 0.5 mass%.
No formation of Nb 5 Si 3 on Nb plates has been reported for NbSi 2 coating prepared by pack cementation at 1327 1373 K 8, 9) and by electroless plating using molten salt at 1173 K. 12) On the other hand, formation of Nb 5 Si 3 was confirmed in the experiments of NbSi diffusion couples at higher temperatures (14731773 K) under an ambient pressure 22, 23) and under high pressure (40 MPa) with SPS equipment.
13) The thickness of the Nb 5 Si 3 layer was much less than that of NbSi 2 layer, for example, a few µm of Nb 5 Si 3 and ca. 120 µm of NbSi 2 were observed between Nb and Si layers annealed at 1523 K for 24 h.
23) The diffusion coefficients of Nb and Si in Nb 5 Si 3 were reported to be an order of magnitude smaller than those of NbSi 2 23) , which explains the preferential formation of NbSi 2 . In the present study, no Nb 5 Si 3 at the interface between NbSi 2 and Nb is probably related to slower diffusion of Si and Nb in Nb 5 Si 3 at lower temperature.
As shown in Fig. 3 , the thickness of the NbSi 2 layer increased with increasing temperature and in proportion to the square root of heating time, indicating that the growth of the NbSi 2 layer was diffusion-controlled. A parabolic growth relationship between the thickness of a reaction layer, x, and reaction time, t, is described as x 2 = 2k p t, where k p is the parabolic rate constant. The rate constants of the NbSi 2 layer obtained from the slopes of the xt 1/2 plot in Fig. 3 were 6.9 © 10 ¹15 , 2.4 © 10 ¹14 and 1.9 © 10 ¹13 m 2 s ¹1 at 1000, 1100 and 1200 K, respectively.
The rate constants are plotted in Fig. 4 with respect to the Arrhenius equation expressed as k p = k 0 exp(¹E/RT), where k 0 is the pre-exponential factor, E is the activation energy for the growth, R is the gas constant, and T is the temperature in K. The activation energy for the growth of the NbSi 2 layer was determined to be 160 kJ mol ) and by Prasad and Paul (310 kJ mol ¹1 ), indicating that the reaction between Nb and Si with Na to form NbSi 2 is more favorable than the solidsolid reaction.
The temperature of NbSi 2 layer formation in the present study (10001200 K) is comparable to that by the electroless plating (1173 K) using a molten salt 12) and lower than that by the pack cementation (13231373 K). 8, 9) Na acts as a solvent to dissolve Si at relatively low temperature and the Si in the NaSi melt reacts with Nb at the surface, and then diffuses into the plate, forming a NbSi 2 layer.
Oxidation resistance of the NbSi 2 -coated Nb plate
Nb metal oxidizes above 658973 K in air. 12, 24) In order to investigate the oxidation resistance of the NbSi 2 -coated Nb plate at high temperatures, the samples prepared with Na at 1200 K for 12 h were oxidized at various temperatures (900 1700 K) for 10 h in air. The samples oxidized at 9001700 K, except at 1000 K, retained their original shape, while the XRD analysis showed the formation of Nb 2 O 5 above 1100 K, and Nb 2 O 5 and SiO 2 (cristobalite) above 1400 K at the surface. The mass change after oxidation is shown in Fig. 5 . The mass gain of the samples oxidized at 9001400 K, except at 1000 K, was less than 0.038 kg m ¹2 and increased with increasing temperature above 1400 K.
It is well known that the surface of MoSi 2 is covered with a high-protective uniform SiO 2 layer at high temperatures in air. MoO 3 formed by surface oxidation of MoSi 2 is evaporated due to the appreciably high vapor pressure. 25) In the oxidation test of the present study, the significant increase of the mass gain above 1400 K was observed and effective oxidation resistance could not be expected by the surface layer composed of SiO 2 and Nb 2 O 5 .
A large amount of mass gain and fragmentation into powder was observed for the sample after oxidation at 1000 K, which is known as "pest phenomenon". 2628) In general, oxidation of refractory transition-metal disilicides is exceptionally accelerated at specific temperatures.
A cross section of the NbSi 2 -coated sample oxidized at 1700 K for 10 h in air is shown in Fig. 6 . Although the NbSi 2 layer was oxidized, oxidation of the inner Nb was prevented. The EDX analysis revealed the formation of a Nb 5 Si 3 layer with a thickness of ca. 20 µm between the NbSi 2 layer and inner Nb. The Nb 5 Si 3 layer was probably formed by interdiffusion reaction between NbSi 2 and Nb. The formation of Nb 2 O 5 and SiO 2 on the surface and Nb 5 Si 3 at the boundary between the NbSi 2 layer and inner Nb has also been reported in previous papers on the oxidation of the NbSi 2 -coated Nb plates prepared by pack cementation and by electroless plating using molten salt. 9, 12) Further investigation is necessary to determine how to overcome the pest phenomenon at 1000 K, as has been studied in other coating methods.
Conclusion
A NbSi 2 layer was prepared by heating Nb plates in a NaSi melt at 10001200 K. The growth kinetics of the NbSi 2 layer followed a parabolic law, which is characteristic of a diffusion-controlled process. The rate constants of 6.9 © 10 ¹15 1.9 © 10 ¹13 m 2 s ¹1 and an activation energy of 160 kJ mol ¹1 at 10001200 K were evaluated. The oxidation test was performed at 9001700 K for 10 h in air for a Nb plate coated with an 80-µm thick NbSi 2 layer. The surface of and Nb (lower) for the cross section of the sample after heating at 1700 K for 10 h in air.
